The rate-limiting step in many solid-phase immunoassays is associated with the slow kinetics of binding of macro-molecular antigen and conjugate to the immobilized phase. We demonstrate that the use of ultrasonic energy to enhance mass transport across liquid/solid interfaces can dramatically accelerate antigen binding to immobilized antibodies. We use an ultrasound-accelerated procedure with an enzymechannelling test strip containing glucose oxidase and specific antibody to the a-subunit of human choriog#{243}nadotropin (HCG) co-immobilized onto a cellulose support. A horseradish peroxidase conjugate of monospecific antibody to the f3-subunit of HCG is used in the liquid phase to complete the immune "sandwich." Use of ultrasound to accelerate binding and of enzyme channelling to eliminate wash steps result in a simple two-incubation protocol by which 25 mt. units of urinary HCG per liter can be detected visually in less than 20 mm of assay time. 
The rate-limiting step in many solid-phase immunoassays is associated with the slow kinetics of binding of macro-molecular antigen and conjugate to the immobilized phase. We demonstrate that the use of ultrasonic energy to enhance mass transport across liquid/solid interfaces can dramatically accelerate antigen binding to immobilized antibodies. We use an ultrasound-accelerated procedure with an enzymechannelling test strip containing glucose oxidase and specific antibody to the a-subunit of human choriog#{243}nadotropin (HCG) co-immobilized onto a cellulose support. A horseradish peroxidase conjugate of monospecific antibody to the f3- Much effort during the last 10 years has focused on increasing the convenience, speed, and specificity of heterogeneous enzyme immunoassay.
As anticipated, use of mono- To measure reflectance, we used a reflectance spectrophotometer (Model MS2000; Macbeth, Newburg, NY 12550) and expressed the results as color difference units (CDU) as described previously (8). One CDU approximates the minimum difference that can just be detected by the unaided eye. Moist, unreacted test strips give a reading of -3. it was usually 65 to 70%. All other chemicals were reagent grade and were used without further purification.
Materials and Methods

Materials
Preparation of Antibody-Peroxidase Conjugates
Purified monoclonal antibody specific for the /3-subunit of HCG was coupled to thiolated-HRP (20) by a modification of the thiollmaleimide procedure of Yoshitake et al. (21) . To thiolate HRP, add slowly, with stirring at 4#{176}C, to 2 mL of a 7.5 g/L solution of HRP in Na2CO3 (0.1 molJL, pH 9.5) a 12-fold molar excess of S-acetylmercaptosuccinic anhydride
After 1 h, puriir the product by chromatography on Sephadex G-25
and store at 4#{176}C in phosphate-buffered saline (0.1 mol of NaH2PO4 and 0.2 mol of NaC1 per liter, pH 7.2). De-acylate by incubating the derivatized enzyme in a solution of hydroxylamine (50 mmol/L) and EDTA (1 mmol/L), pH 7. Oi and Herzenberg (23) , and the preparation of purified inununoglobulin fractions was by precipitation with Na2SO4. Monoclonal antibodies were IgG1 subtype, and both polyclonal and monoclonal antibodies had affinity constants in the range of 5 to 10 x i0 L/mol as determined by Scatchard analysis (24) with iodinated HCG as the tracer.
Antibody and glucose oxidase were co-immobilized to activated analytical-grade filter paper (589 BH; Schleicher and Schuell Inc., Keene, NH 03431) as previously described (8). These papers are stable for more than one year if stored dessicated at room temperature.
The immobilized reagents used in these studies contained approximately 10 g of antibody and 6 mU of glucose oxidase per square centimeter of support.
Antibody-Antigen Binding Kinetics
All kinetic studies were performed at 25#{176}C. Results are reported as the average of duplicate or triplicate determinations of reactions performed in 12 x 75 mm test tubes mounted in the ultrasonic cleaning bath. Data for "% bound" have been normalized to reflect the immunochemical purity of the iodinated tracer.
To measure the binding of 1I-labeled HCG to immobilized antibody, we immersed test strips containing -0.3 cm2 of inunobilized antibody paper into 1 mL of pH 7. antibody-peroxidase conjugate in a total of 1 mL of assay buffer (see above) and incubated, with and without sonication, for the times indicated. We then added 300 L of normal mouse serum and 100 L of rabbit anti-mouse immunoglobulin.
We precipitated the antigen-antibody complex by adding polyethylene glycol 8000 to a final concentration of 150 g/L, then centrifuged (3000 x g, 30 nun, 4#{176}C), and counted the radioactivity in the pellets as previously described. Mouse IgG was used to control for nonspecific binding.
To measure the binding of antibody-peroxidase conjugate to immobilized antigen, we first bound HCG to immobilized antibody by sonicating the test strip in the presence of HCG, 100 mt. units/L, for 20 mm as described above. Next, we incubated the HCG-loaded test strip in 1 mL of assay buffer containing antibody-peroxidase conjugate, 0.25 mg/L, for the indicated times, with and without sonication. We estimated conjugate binding to the HCG-loaded test strip by the color developed on the test strip after its immersion for 10 mimi in the assay buffer containing enzyme substrates (see next section).
Assay Protocol and Reagent Composition
Immunochemical test strips are prepared by cementing 1/4-in.-diameter discs of activated paper, containing immobilized antibody and glucose oxidase, to 6.5 x 80 mm polystyrene carrier strips.
To measure HCG, combine 1 mL of sample (urine or standard in buffer) with 100 p.L of enzyme reagent containing, per liter, 50 mmol of NaH2PO4, 0.1 mol of NaCl, 2 g of BSA, 250 mg of Triton QS-44, and 2.5 mg of antibodyperoxidase conjugate (pH 7.2). Immerse the test strip, sethcate for 5 mm, remove the strip, blot, and immerse in 1 mL of developer solution (per liter: 50 mmol of NaH2PO4, 2 g of BSA, 50 mmol of glucose, 300 mg of 4-chloro-1-naphthol, and 250 mg of Triton QS-44, pH 6.5). After 10 mm, remove the strip, blot, and measure the reflectance on the pad as described previously (8).
Other Methods
We also determined HCG in clinical specimens by following the product instructions of the Tandem#{174}-E HCG immunoenzymetric assay (Hybritech, Inc., San Diego, CA 92121). Protein concentrations were determined from the absorptivities at 280 mm for immunoglobulins (e = 2.16 x 105Lmol'cm')andat403nmforHRP(#{128}= lx 105L mol1 .
Results
Kinetic Studies
Binding of imIlabeled HCG to immobilized antibody.
We studied the effect of ultrasonication on the binding of 'Ilabeled HCG to cellulose-immobilized a-subunit-specific anti-HCG, as a function of acoustic power. Test strips were immersed in 1 mL of assay buffer containing 1 milli-imt. unit of 'I-labeled HCG, then subjected to sonication, at the power levels indicated in Figure 2 , for 10 mm at 25 #{176}C. The amount of HCG bound increases linearly as a function of acoustic power over the range studied. All subsequent In the presence of ultrasound nearly all of the immunoreactive HCG is bound in the first 20 mimi, whereas in the absence of ultrasound saturation is not achieved, even after 150 h.
At all concentrations tested, with and without sonication, the kinetics of 'I-labeled HCG binding were apparently first order. Plots of ln(Ct/Co) vs time, where C0 = the concentration of HCG at , and C = the concentration of HCG remaining in solution at time t, yielded straight lines (Figure 3, insets) . The apparent first-order rate constants for the binding of lssIlabeled HCG to the solid support are listed in Table 1 Thermal, mechanical, and physical effects. We attempted to duplicate the rate enhancement observed with ultrasound by trying more common modifications of protocol (see Table  2 ). Performing the binding reaction at a higher temperature (43 #{176}C) only marginally affected the apparent first-order rate constant for binding of I-labeled HCG to test strips. We 
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In the other experiment we incubated the same amount of 2700 (1300) labeled HCG with 0.25 g of /3-subunit-specific antibody-HRP conjugate in 1 mL of assay buffer, with and without 2.6 x 102 sonication, for the times indicated. Again, sonication had no effect on the amount of antigen bound or the rate of formation of immune complex. 
Discussion
We have demonstrated that ultrasound can have a profound accelerating effect on the binding kinetics of macromolecular antigens to solid-phase-bound antibodies. The apparent first-order rate constant for HCG binding is 500-fold greater in the presence of ultrasound than in an unsonicated reaction. No such rate enhancement is observed for the same reactions performed in the liquid phase, nor can the effect be duplicated by simply increasing the temperature of the reaction mixture. Vortex-mixing can also increase the rate of HCG binding to immobilized antibody but is about only one-tenth as effective as ultrasound.
The possibility that ultrasound irreversibly alters the surface of the support to render it more accessible to antigen binding, as has been shown for some polystyrene-immobilized enzyme systems (14), we consider unlikely. Somcation (25) in studies on the influence of ultrasound on protein-inhibitor binding to immobilized proteases. The most probable explanation for the accelerated binding kinetics is that ultrasound enhances mass transfer between the liquid and solid phases. The ability of ultrasound to reduce the thickness of the diffusion barrier (unstirred solvent layer) surrounding surfaces in solution and thereby promote material exchange across liquid/gel interfaces has been well documented (15, 16, 26) . Acoustically promoted liquid-streaming movements or collapse cavitation are very likely mediators of this effect and both are thought to be operative under the conditions used in these studies. The binding data we have generated are entirely consistent with this mechanism, and furthermore they parallel many observations made with respect to the influence of ultrasound on analogous immobilized enzyme systems (13) .
Clearly, the results for clinical samples are only preliminary, involving a small set of samples, and much work remains to be done to establish the clinical efficacy of this test. These results do, however, demonstrate the possibility of a highly sensitive, rapid, simple, qualitative test for pregnancy if ultrasound is used to accelerate antigenantibody binding. We expect that the ultrasound effect is of a very general nature and may be applicable in the areas of heterogeneous enzyme immunoassay, radioimmunoassay, affinity chromatography, and heterogeneous catalysis.
